and potentially share many risk factors, the most significant of which may be smoking status. The objective of this chapter is to consider the mechanisms whereby a disease such as periodontitis, which is a chronic inflammation initiated by microbial plaque, can predispose to atherosclerosis. Independent risk factors for atherosclerosis and its consequences include age, male gender, smoking, hypercholesterolemia, systemic hypertension, plasma fibrinogen, white cell count, hematocrit and diabetes mellitus (24, 37) all of which are also associated with periodontal disease, with the exception of hypercholesterolemia and systemic hypertension (2, 24) .
As with chronic infections elsewhere in the human body, chronic periodontal infections are associated with systemic changes to the blood and bloodforming organs. For example, a case-control study in Glasgow (23) observed significant increases in plasma fibrinogen concentration and in white blood cell count in patients with chronic gingivitis and periodontitis. These increases correlated with stan- dard indices of infection severity, and were not attributable to group differences in confounding variables such as smoking habit or social class (23) . Other common chronic infections, such as Helicobacter pylori gastritis and Chlamydia pneumoniae pneumonitis, have also been associated with increased risk of ischemic heart disease and with increased plasma levels of fibrinogen and of other acute-phase reactant proteins such as C-reactive protein (33, 41) . Hence, it has been postulated that changes to the blood and blood-forming organs such as hyperfibrinogenemia may be common mechanisms through which infections may promote increased risk of ischemic diseases (23, 33, 42) .
Pathological processes underlying ischemic events
Four processes may be relevant when considering links between variation in the blood and bloodforming organs and ischemic events: atherosclerosis; arterial thrombosis at the site of a ruptured atherosclerotic plaque; thromboembolism; and the effect of blood viscosity (the intrinsic flow resistance of blood) distal to an atherothrombotic stenosis/occlusion or to an embolic occlusion (Fig. 1) .
Atherosclerosis is the focal thickening of arterial intima and media, which tends to occur at bifurcations and bends; that is, sites of flow disturbance where non-laminar or turbulent flow conditions are encountered. These cellular reactions may be a response to endothelial injury, mediated by cytokines and growth factors (40) . Infections (including periodontal, H. pylori and C. pneumoniae infections) may be one cause of such injury; as may smoking, hypertension, hyperlipidemia, homocysteinemia and oxidant stress. 
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Arterial thrombosis often occurs after rupture of an atheromatous plaque, which exposes flowing blood to subendothelial collagen and other fibers (which activate platelets) and to subendothelial tissue factor. The importance of thrombosis in precipitating these ischemic events has been shown by the beneficial effects of antiplatelet drugs (such as aspirin), anticoagulant drugs (such as heparin) or thrombolytic drugs (such as streptokinase or tissue plasminogen activator) in large randomized controlled trials (8, 18) .
Thromboembolism resulting in systemic arterial occlusion is also a common cause of stroke or critical limb ischemia.
Increased blood viscosity is determined by the composition of the blood: hematocrit; plasma protein pattern; and red cell deformability by shear forces.
The importance of increased blood viscosity in the promotion of ischemia has been demonstrated by the increased risk of ischemic and thrombotic events in the uncommon overt hyperviscosity states such as polycythemia (increased hematocrit due to excess red blood cell production) and the fact that rapid reduction in viscosity (such as by apheresis procedures) may cause rapid symptomatic improvement (26) .
Initiation of atherosclerosis
The initiation of atherosclerotic plaques is thought to be the focal accumulation of lipids (cholesterol esters derived from low-density lipoproteins) and other plasma proteins in the arterial intima (49) . The role of monocyte-derived macrophages in this development has become increasingly clear (32) . Several studies indicate that monocytes adhere to and penetrate the endothelium during the early stages of atherosclerotic plaque formation (39) , aided by adhesion molecules, chemotactic cytokines (chemokines) and proinflammatory cytokines (Fig. 2 ). These cells become engorged with oxidized low-density lipoproteins and so produce the characteristic foam cells (21) . Monocytes transform to macrophages within the lesions, which may cause further destruction by releasing enzymes (11) leading to intramural thrombosis and/or they may enlarge the plaque by releasing mitogenic factors such as platelet-derived growth factor. Fibrin degradation products appear to be involved in both the intramural thrombotic events and have chemotactic and mitogenic properties (44, 46) that will further propagate the lesion and lead to smooth muscle cell proliferation, which produces a fibro-muscular cap beneath the endothelium and subsequently ischemia (4, 6) . Adherence of blood monocytes to the vascular endothelium, followed by their migration beneath the intimal endothelium, are considered initiating events in the formation of the characteristic foam cells of atheromas (Fig. 2) .
Smoking
Hemostatic and rheological variables are risk factors for cardiovascular disease and these variables correlate with smoking (27) (Fig. 1) . Furthermore, smoking is increasingly accepted as a risk factor for periodontitis and has been shown to affect various aspects of the host immune response (1) .
From a biological viewpoint, smoking may have an adverse effect on fibroblast function (38) , chemotaxis and phagocytosis by neutrophils (20, 22) , immunoglobulin production (17, 19) and induction of peripheral vasoconstriction (7) . Healing responses are impaired in smokers, and this phenomenon might be related to the reportedly impaired function of fibroblasts in smokers (38) . Thus smoking, as well as systemic and peripheral infections (which will be discussed subsequently), may produce endothelial irritation through noxious agents, antigenic effects and/or stimulation of proinflammatory cytokines, and these may affect the host inflammatory and immune systems adversely, causing disease. Smoking therefore has potential pathogenic properties that may result in both atherosclerosis and periodontal disease, and smoking is recognized as a shared risk factor or confounding variable given the links between smoking and indices of socioeconomic deprivation. One point worth emphasizing is that the lifestyles of smokers may be different, and their ability to ignore public health messages (as well as the biological effects of smoking) may predispose them to cardiovascular disease through poor diet, lack of exercise and other unhealthy lifestyle practices. The same individuals may also be prone to ignoring dental health advice, which may result in poor oral hygiene practices and thus an exaggerated periodontal disease process.
Infectious diseases
There is now extensive literature suggesting that cardiovascular disease may be related to infectious diseases (10) . The pathological changes noted in ischemic vascular disease have considerable overlap with 123 those caused by a range of infections, including periodontal disease. The question of whether infection can predispose to atherosclerosis is still unanswered, but certainly viral and bacterial pathogens have been considered to play either a direct or indirect role in the initiation of atherosclerosis. With respect to viruses, the link with cytomegalovirus appears to be worthy of discussion (29) . Cytomegalovirus has been noted to have an affinity for vascular endothelium (30) and in particular atheromatous plaques (45) where it can be detected by messenger RNA (mRNA) in situ hybridization techniques. Similarly herpes virus inclusions and herpes mRNA have been detected in the intima cells and atheromatous plaques (3, 15) , where they may cause accumulation of low-density lipoproteins (31) .
C. pneumoniae is an intracellular gram-negative bacterium which is known to survive within macrophages for years (9) . Saikku et al. (41) found that high antibody titers against C. pneumoniae were associated with chronic coronary artery disease and acute myocardial infarction. In addition, Candida albicans has recently been demonstrated in vitro to induce proinflammatory cytokines and adhesion molecule upregulation on endothelial cells (12) . These pathogenic features may enhance atheromatous plaque formation in candidal bacteremia, as they would contribute to leukocyte recruitment under the intima.
Thrombogenesis is intimately related to atherogenesis, and hypercoagulable or pro-thrombotic states are considered to predispose to ischemic disease. Fibrinogen is probably the most important factor involved in this hypercoagulable state, and high levels of this acute-phase protein are associated with cardiovascular disease (27) (Fig. 1) . Plasma fibrinogen levels are known to increase in many infectious diseases, including C. pneumoniae and H. pylori infections (34) , and research in our laboratories has revealed that fibrinogen levels and white cell counts are increased in patients with periodontal disease (24) . Infections such as periodontal disease result in an increase in other acute-phase plasma proteins, which include C-reactive protein.
General mechanisms by which infections may produce atherosclerosis

Monocyte-derived cytokines
The proinflammatory cytokines produced by monocytes (IL-1, IL-6 and tumor necrosis factor a) inhibit lipoprotein lipase and thus lipemia is a prominent feature of chronic infections (5) but also upregulates adhesion molecule expression on endothelial cells (13) and can stimulate mitogenesis and fibrinogen production. These cytokines only achieve high circulating levels in severe sepsis syndromes in which they are associated with pyrexia and fever. However, circulating plasma levels of IL-6 are also increased in smokers (25) , correlating with the elevated fibrinogen levels and white cell counts in smokers. These findings may partly result from chronic oral (or lung) infections in smokers. As mentioned previously, monocyte infiltration into the subintima is a crucial pathogenic process in plaque development, and clearly the monocyte is crucial as both an infiltrating cell and a cell that can initiate the process by releasing cytokines, upregulating adhesion molecules and binding to them. The monocyte can also produce IL-8, a chemotactic factor that will aid in the recruitment of more leukocytes to this area.
Periodontally specific mechanisms
Periodontal disease is capable of predisposing to vascular disease given the abundance of gram-negative species involved, the readily detectable levels of proinflammatory cytokines in crevicular fluid, the dense immune cell infiltrates involved, the association of peripheral fibrinogen and white cell counts (24) , and the extent and chronicity of this disease.
Effect of lipopolysaccharide
Infections produce changes in lipid metabolism which may favour atherosclerosis (43) . As mentioned previously, proinflammatory cytokines such as tumor necrosis factor a and IL-1 inhibit lipoprotein lipase (5) and bacterial products such as lipopolysaccharide and muramyl dipeptide may have direct effects on endothelia such that atherosclerosis is promoted (36) . Infections increase plasma fibrinogen levels, and these acute-phase proteins are significantly linked to atherosclerosis and also to infectious states, including the presence of periodontal disease.
Lipopolysaccharide is released as extracellular blebs from microorganisms within the periodontal pocket and may enter the diseased periodontium. It is unlikely that lipopolysaccharide will normally be free in the plasma due to efficient plasma protein binding. Bacteremia, however, or microorganism invasion may result in free lipopolysaccharide from periodontal organisms being present in the plasma. Bacteremia is considered possible following disturb-ance of the chronic lesion during activities such as scaling and during acute and chronic abscess conditions. Bacteremia will result in gram-negative organisms entering the circulation, where they may activate leukocytes, platelets or endothelium directly. These circulating microorganisms may also shed their lipopolysaccharide which will have a detrimental effect on lipid metabolism as outlined previously.
Lipopolysaccharide may bind to lipopolysaccharide-binding protein, a high-affinity plasma carrier protein (47) . When lipopolysaccharide is bound to lipopolysaccharide-binding protein it is then able to bind to CD14 receptors, either soluble or on endothelium or on monocytes or macrophages, which would result in cellular activation. Cellular activation will produce upregulation of adhesion molecules following cellular cytokine and chemokine release. Subintimal leukocyte infiltration and proliferation of smooth muscle cells in the lesion may follow (Fig.  2) . Fibrinogen and white cell count increases noted in periodontitis patients may be a secondary effect of the above mechanisms or a constitutive feature of those at risk of both cardiovascular disease and periodontitis (24) (such as smokers).
Hyper-reactive mononuclear phagocytes
Hyper-reactive mononuclear phagocytes may be constitutive in susceptible individuals or may be induced in patients who smoke or those with infections such as periodontal disease. These may be induced if leukocytes are passing through lesions in vessels traversing close to areas of high proinflammatory cytokine release, lipopolysaccharide presence, matrix metalloproteinase activity or prostaglandin or protease release. These leukocytes may, by virtue of their induced hyper-responsiveness, promote atherosclerosis at distant sites, particularly in areas of disturbed blood flow.
There is also the possibility that cells such as macrophages or Langerhans cells, which recirculate under normal circumstances, may themselves be activated and enter the circulation or may activate other peripheral circulation cells, and these indirectly activated cells may have an effect at distant sites. It has also been reported that peripheral polymorphonuclear leukocytes from periodontitis patients show more than two-fold higher chemiluminescence following Fcg receptor stimulation than healthy control polymorphonuclear leukocyte (14) . This polymorphonuclear leukocyte hyperreactivity may be due to these cells moving in the circulation through periodontal lesions or may be a constitutive feature of pa-tients with periodontal disease. Whatever the mechanism, these cells may similarly be capable of aiding atheroma formation. Langerhans cells may directly bind lipopolysaccharide that has infiltrated through the epithelium or lipopolysaccharide on the membranes of invading bacteria may contact these or other long-lived circulating cells. Lipopolysaccharide coming into the tissues or circulation may bind to lipopolysaccharide-binding protein and this complex may bind to either soluble or cell-bound CD14 receptors and thus activate cells. If CD14 receptors on monocytes or endothelium are activated this may encourage atheroma formation, but even if soluble lipopolysaccharide-lipopolysaccharide-binding protein-CD14 aggregates occur, these may bind to the vasculature at some point and result in atherosclerotic lesion formation, probably at sites of disturbed blood flow, and this may go some way to explaining the predisposition of certain sites to atheromas. Interestingly, patients with a form of periodontal disease termed localized juvenile periodontitis have peripheral monocytes that, when reacting with lipopolysaccharide, give increased prostaglandin E 2 production (43), but membrane-bound CD14 is not correlated with monocyte hyper-responsiveness to lipopolysaccharide. In vitro conditions, however, reverse the hypersensitivity of localized juvenile periodontitis monocytes to approximately control levels, and it is feasible that this hyper-responsiveness is induced by the persistent infection of the periodontium rather than being a constitutive feature of localized juvenile periodontitis monocytes. Thus, there appears to be evidence for periodontal disease inducing hyper-responsive leukocytes, and this may yet be shown to have a role in atheroma production and thus provide a mechanistic link between periodontitis and atheroma formation.
A further link between smoking, monocyte responsiveness and lipopolysaccharide stimulation is provided by Payne et al. (35) , who demonstrated that lipopolysaccharide-mediated monocyte secretion of prostaglandin E 2 is increased by nicotine. Thus, smoking may have biological effects on both periodontal disease and atheromatous plaque formation through this mechanism.
Platelets and leukocytes may be activated during bacteremia and go on to excite other cells, enhancing the likelihood of atheromatous plaque formation. Indeed, it has been proposed that activated platelets may regulate chemokine release by monocytes in inflammatory lesions (49) . Platelets are an integral part of the hemostatic processes, which are also crucial to atheroma formation, and further-more, these cells have been shown to be triggered by several dental microorganisms (16) .
Conclusions
Periodontal and cardiovascular diseases share many risk factors and pathogenic processes. Infections and chronic inflammatory conditions such as periodontitis may influence the atherosclerotic process. The chronicity of periodontal disease provides a rich source of subgingival microbial and host response products and effects over a long time period. Two main processes may provide a causative link between these two diseases: the lipopolysaccharide and monocyte-related responses. Insufficient experimental evidence exists, however, to further support these hypotheses at present, and whether one or both of these processes transpire to be pivotal remains to be determined.
